Abstract-Planar periodic metallic arrays behave as artificial magnetic conductor (AMC) surfaces when placed on a grounded dielectric substrate and they introduce a zero degrees reflection phase shift to incident waves. In this paper the AMC operation of single-layer arrays without vias is studied using a resonant cavity model and a new application to high-gain printed antennas is presented. A ray analysis is employed in order to give physical insight into the performance of AMCs and derive design guidelines. The bandwidth and center frequency of AMC surfaces are investigated using full-wave analysis and the qualitative predictions of the ray model are validated. Planar AMC surfaces are used for the first time as the ground plane in a high-gain microstrip patch antenna with a partially reflective surface as superstrate. A significant reduction of the antenna profile is achieved. A ray theory approach is employed in order to describe the functioning of the antenna and to predict the existence of quarter wavelength resonant cavities.
I. INTRODUCTION

O
VER the last few years the electromagnetic band gap (EBG) properties of passive metallodielectric arrays have been studied [1] - [4] . The presence of band gaps similar to those obtained from dielectric photonic crystals [5] has been demonstrated. Metallodielectric EBG (MEBG) structures have been used for suppression of surface waves and performance enhancement of printed antennas and circuits. In addition, MEBG arrays have been utilized as partially reflective superstrate layers for the gain enhancement of simple radiating sources, such as microstrip patches and waveguide apertures [6] - [8] . Similar implementations using dielectric EBG structures have also been presented and novel explanations have been given [9] - [11] .
Recently metallic arrays printed on a grounded dielectric substrate and connected to the ground through vias have been presented as artificial magnetic conductors (AMCs) [12] . Such surfaces fully reflect incident waves with a near zero degrees reflection phase. AMC surfaces have also been produced from sim- ilar structures in the absence of vias, which eases the fabrication process [13] , [14] . Assuming no losses and exactly 0 reflection phase, the surface is referred to as a perfect magnetic conductor (PMC), which is complementary to a perfect electric conductor (PEC). In practice, the reflection phase of AMCs crosses zero at just one frequency (for one resonant mode). The useful bandwidth of an AMC is in general defined as to on either side of the central frequency, since these phase values would not cause destructive interference between direct and reflected waves.
Metallic arrays have also been placed over a ground plane in order to significantly enhance the directivity of simple radiating sources positioned between the array and the ground [6] - [8] . The structure is based on the formation of a resonant cavity between the ground plane and the array that acts as a partially reflective surface (PRS). While high gain planar antenna designs have been produced, the antenna profile, which is determined by the resonance condition of the cavity, has always been close to half wavelength.
In this paper, a novel resonant cavity approach to the analysis of AMCs is initially presented using ray theory. This provides design guidelines and a physical insight into the function of AMCs. Subsequently, a novel high-gain microstrip patch antenna with PRS superstrate is presented, where an AMC is utilized as ground plane to reduce the antenna profile. The antenna is also studied using a resonant cavity model with the source internal to the cavity. By virtue of the AMC ground plane the resonance condition changes and the thickness of the cavity is reduced to approximately half. The AMCs considered are comprised of a single layer array of patches (in the absence of vias) printed on a grounded dielectric substrate. Full-wave analysis and measurements of both the AMC alone and the antenna are used to validate the assertions of the cavity model.
The organization of the paper is as follows. In Section II a brief outline of the ray analysis is given and the existence of quarter wavelength resonant PEC-PMC cavities is predicted. The ray model for an AMC cavity is also described. In Section III, an explanation of AMC surfaces as resonant cavities is given. Using the ray model, the AMC response is related to the transmission characteristics of the array alone. A full-wave study on the AMC performance of square patch arrays is presented and the ray model predictions are validated. The AMC bandwidth and the effect of substrate thickness are studied. Section IV presents a new application of AMC ground planes to low profile high-gain antennas. The existence of a quarter wave- length resonant cavity antenna predicted by the ray model is confirmed by full-wave analysis and measurements.
II. ANALYSIS
A simple geometrical optics model can be used to describe the function of resonant cavities. The ray optics analysis is widely used in the description of the Fabry-Perot interferometer, which consists of two highly reflective surfaces that form a resonant cavity [15] . This analysis can be carried over to the design of high-gain microwave antennas. In the past, highly-directive planar antennas consisting of a ground plane, a simple radiating source and a partially reflective surface (PRS) as superstrate have been studied using this method [6] - [8] . In these studies, surfaces of infinite extent have been assumed (i.e., no edge effects) and higher order mode coupling has been ignored. Although an approximate analysis, it gave a valuable insight to the function of highly-directive antennas as resonant cavities and produced guidelines for successful designs. The analysis is briefly outlined in this section. It is then used to theoretically predict the existence of a low-profile highly-directive antenna as a quarter wavelength (instead of half wavelength) resonant cavity by using a PMC (instead of PEC) ground plane. In addition, the same ray model is used in order to obtain an explanation of the function of an AMC structure as a resonant cavity. For the first case the excitation source is considered inside the resonant cavity whereas for the second case the source is outside the cavity.
The structure shown in Fig. 1(a) is considered. A cavity is formed by a PEC ground plane and a PRS placed at a distance . The PRS is assumed to be a homogeneous surface in the analysis. The antenna function can be described by following the paths of the waves undergoing multiple reflections inside the cavity. Phase shifts are introduced by the path length, the PEC and the phase of the reflection coefficient of the PRS. The transmitted power can be derived by considering the interference of waves partially transmitted through the PRS. Hence, the directivity of the cavity at boresight is given by [6] - [8] (1) where is the complex reflection coefficient of the PRS, , is the free-space wavelength, is the transmitted power and the power of the excitation source. The resonance condition can be easily derived by imposing the phase difference of the transmitted waves to be zero, , and is written (2) At resonance maximum boresight directivity is obtained and it can be derived by substituting (2) into (1) (3) This equation expresses the maximum directivity as a function of the magnitude of the reflection coefficient of the PRS. From the above analysis it can be derived that for a highly reflective surface used as the PRS, with reflection phase close to , the thickness of the resonant cavity is close to . For this cavity, the directivity as obtained from (3) will be very high, since will be close to 1.
If the PEC in the cavity is now replaced by another fictitious ground plane which introduces a phase shift to incident waves, the resonance condition becomes Hence, if the ground plane is a PMC [ Fig. 1(b) ], i.e., if , the resonance condition becomes (4) Therefore, a PMC surface with reflection phase zero and a highly reflective PRS (with ) would result in a resonant cavity of thickness approximately . The above analysis thus predicts the profile reduction of resonant cavity antennas to half, by means of replacing the PEC with a PMC ground plane.
Consider now the case where a radiating source is placed outside the cavity adjacent to the PRS array (Fig. 2) . Following the paths of the direct and the reflected waves and taking into account the various phase shifts introduced to them, the resonance condition of the cavity can be easily derived. The PEC introduces a phase shift of . The PRS introduces a phase shift equal to the phase of its transmission coefficient, . If is the phase difference between direct and reflected waves, the resonance condition is written as follows: (5) This resonant cavity behaves as a PMC (at normal incidence) since it reflects normal incident waves with zero phase shift. Consequently, placing a simple point source in close proximity to the PRS would result in constructive interference between direct and reflected waves at the cavity resonance.
III. PLANAR AMC SURFACES
In this section the resonant cavity model is initially employed to provide with guidelines on the design of AMCs. Full-wave Floquet modal analysis [3] of periodic metallodielectric PRS surfaces and AMC structures without vias is carried out in order to validate the conclusions obtained from the approximate cavity model. The bandwidth of AMC surfaces is studied and the effect of the substrate thickness is presented.
A. AMC as Resonant Cavity
A homogenised model for a capacitive PRS screen [ Fig. 3(a) ] is employed here to facilitate the analysis. The equivalent circuit representation of the PRS is shown in Fig. 3(b) , where the conducting element is represented by the inductor and the inter-element capacitance by the capacitor . The complex reflection and transmission coefficients obtained from the equivalent circuit are shown in Fig. 4 . Similar responses are obtained from full-wave Floquet modal analysis of infinite periodic arrays of conducting elements. While this model does not account for all the geometrical parameters of the PRS, it is a good representation for a wide range of geometries.
According to the ray model presented in Section II (Fig. 2 ), a cavity formed by a PEC and a PRS and having external excitation performs as AMC when the resonance condition (5) is met. Hence, considering (5) as the condition for AMC operation (normal incidence), a relationship between the transmission phase of the PRS, the substrate thickness and the center (or PMC) operating frequency is obtained.
The relation between the PRS characteristics and the functioning of the AMC cavity is demonstrated by means of an example which shows that two different PRS's having same reflection and transmission characteristics at frequency are interchangeable in an AMC cavity that operates at . Fig. 5(a) shows the reflection coefficient (magnitude and phase) of two capacitive screens consisting of square patch arrays [ Fig. 3(a) ]. The geometries of the two arrays are:
, for the first screen named PRS1 and , for the second screen named PRS2. PRS1 resonates at 60.5 GHz and PRS2 at 26.0 GHz. The reflectivity and transmission phase at 21.7 GHz is identical for the two screens. Fig. 5(b) shows the full wave simulation results for two AMC cavities of the same thickness employing PRS1 and PRS2, respecively. The thickness has been determined from (5) It is worth noting that according to (5) , the second resonant mode of the AMC cavity lies at a frequency approximately three times that of the first resonant mode. Thus, the resonant cavity model provides a new explanation for the large separation between the first and second AMC frequencies of grounded square patch arrays that has also been studied in [14] . Moreover, the low reflection magnitude observed at the second AMC frequency can be explained by the fact that for increasing the sidelobes of the resonant cavity radiation pattern increase, as described in [6] , [7] .
B. Bandwidth Considerations
According to (5) , for a wideband AMC, an optimum PRS would require its transmission coefficient phase to linearly increase with frequency with a gradient of [8] . This would result in a wideband cavity that would satisfy the resonance condition (5) for all frequencies. While increasing transmission phase with frequency is not feasible for a capacitive screen, this conclusion suggests that among two screens with equal reflectivity, greater AMC bandwidth will be observed for the one with slower varying transmission phase. This is demonstrated using full wave results in the example mentioned above (Fig. 5) . PRS1 has slower transmission phase variation with frequency compared to PRS2 [ Fig. 5(a) ]. The AMC bandwidth for PRS1 is 30% wider than that of PRS2, for the same substrate thickness [ Fig. 5(b) ].
C. Effect of Substrate Thickness
The resonant cavity AMC model predicts that for a fixed capacitive screen with an approximately frequency independent phase, the AMC frequency decreases as the dielectric thickness increases. Furthermore, from Fig. 4 it is evident that away from the array resonance, the PRS phase variation with frequency is slower, which in turn corresponds to broader AMC bandwidth. Therefore, in general, with increasing , the AMC frequency decreases and the bandwidth is improved. This is also consistent with the analysis of reflectarray antennas [16] .
The effect of substrate thickness is demonstrated here in Fig. 6 , using full-wave analysis. A parametric study of the AMC response for a fixed square patch PRS is presented. The dielectric constant of the substrate is 2.2. The trends predicted from the approximate model are verified. The frequency of the AMC operation is reduced and the bandwidth is improved with thicker dielectric substrates.
IV. PROFILE REDUCTION OF HIGH-GAIN ANTENNA
The application of AMC surfaces to low-profile high-gain antennas is presented in this section. A broadband AMC surface is designed based on the methodology of the previous section and is used as the ground plane of a microstrip patch antenna with 
A. Design of AMC Substrate and PRS Superstrate
A broadband AMC surface has been designed with a center frequency (zero degrees phase) at about 14 GHz. The simulated reflection phase response as obtained from Floquet modal analysis is shown in Fig. 7 . Closely packed square patches were used with unit cell dimensions , [ Fig. 3(a) ]. The patches were printed on a grounded dielectric slab of thickness and . The measured complex reflection coefficient of the fabricated surface has been obtained with reference a solid metal plate at the position of the array and is shown in Fig. 7 . The measured reflection magnitude is close to 1 as expected from an AMC surface. The simulation is in good agreement with the measured phase response. A broadband AMC operation is obtained with a to bandwidth of more than 30% (about 4.5 GHz).
A highly reflective PRS has been produced using a square patch array printed on a similar dielectric substrate as the AMC (without the ground plane). The unit cell dimensions are , . The complex reflection coefficient of the PRS obtained from modal analysis is shown in Fig. 8 . High reflectivity values are obtained for a wide range of frequencies. Moreover, the slow variation of the reflection phase con- tributes toward a good bandwidth performance for the antenna according to the ray model in Section II and in [8] . The reflection coefficient at 14 GHz is about 0.43 dB. Following (3) of the ray model a maximum antenna directivity of about 20.5 dBi is expected.
B. Antenna Performance
A microstrip patch antenna (6 mm 4.5 mm) has been designed as the primary feeder of the resonant cavity and fabricated using the AMC ground plane . The patches of the AMC are surrounding the patch antenna which is printed on the same dielectric substrate. It is fed by a via which is 1 mm offset from the center of the patch, in order to achieve good matching. The AMC does not extend under the patch antenna since it was found that matching was very difficult for this configuration. The design of the antenna was carried out using a 3-D time domain Transmission Line Modeling (TLM) tool (Microstripes). Fig. 9 (a) shows a photograph of the fabricated patch antenna with the AMC and Fig. 9(b) shows the PRS superstrate. The high-gain planar antenna is formed by placing the PRS at the resonant distance over the microstrip patch with the AMC ground plane. The resulting structure is similar to the schematic diagram of Fig. 1(b) in Section II. A full-wave simulation of the antenna was carried out in Microstripes. The high-gain antenna was fabricated and measured. The measured resonant distance between the PRS superstrate and the AMC array was found to be 5.9 mm. This corresponds to an approximately quarter wavelength resonant cavity at 14 GHz and agrees very well with the value obtained from (4), (5.85 mm). The corresponding resonant distance for the same antenna configuration but with a PEC (instead of the AMC) ground plane was obtained from 3-D simulations as well as the ray model to be 11.3 mm. Therefore, a reduction of the antenna profile by approximately half has been achieved by virtue of employing the AMC ground plane.
The gain of the low-profile antenna is shown in Fig. 10(a) . A maximum gain of 19 dBi has been obtained. Simulation results are in good agreement with measurements. The maximum directivity predicted by the ray model (20.5 dBi) is also in good agreement. The return loss of the antenna is depicted in Fig. 11 . Radiation patterns of low-profile antenna (a) H plane and (b) E plane. Fig. 10(b) . The measured antenna bandwidth as defined from the 3 dB gain level and 10 dB return loss is about 2%. The maximum gain obtained from the corresponding higher profile antenna with a PEC ground plane is about the same.
Both the H-and E-plane radiation patterns are shown in Fig. 11 . In both planes highly directive pattern is obtained and the sidelobe level is below 15 dB. The small discrepancies between simulation and measurements are attributed to the manufacturing tolerances of the low-profile antenna with regards to accurate positioning and the flatness of the surfaces. The cross polarization level was below 25 dB in both planes.
V. CONCLUSION
A resonant cavity model has been proposed in order to describe the functioning of AMC surfaces. Using a simple analytical equation derived from ray theory, the AMC response has been related to the transmission characteristics of the PRS array alone. While this model does not account for accurate design of AMCs, which at the final stage has to be made using full-wave techniques, it provides with valuable physical insight and design guidelines. Full wave results validated the trends predicted from the ray model, with regard to the bandwidth and the center frequency.
A new application of AMC ground planes to low-profile highgain planar antennas with PRS superstrate has been presented. A ray model has provided valuable insight into the function of the antenna as a resonant cavity and moreover predicted the existence of quarter wavelength PEC-PMC resonant cavities. The antenna profile has been reduced to approximately half, maintaining the gain performance. Measured and simulated results have been presented and are in good agreement. 
